The electrical properties of the corrosion layers on archaeological iron artefacts were determined by Conductive Atomic Force Microscopy. Different corrosion products were studied: Fe II carbonates, magnetite entrapped in the carbonate, and iron sulfides. The results indicate that the ferrous carbonate matrix is insulating, and that magnetite and iron sulfides have a conductive character, although these phases are not systematically connected to the metal. This suggests that electrons produced by the anodic dissolution of metal would be conducted to the external part of the corrosion product layer through a three-dimensional network of connected magnetite strips passing through the ferrous carbonate matrix.
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Introduction
In addition to studies concerning short-term corrosion processes (for example, steel pipeline behaviour [1] ), long-term iron corrosion in carbonated anoxic media has also been widely studied in recent years with two main objectives. The first, aims to predict the corrosion of low alloy steel overcontainers for nuclear waste disposal [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] ; the second, concerns the domain of in situ preservation of archaeological remains buried in anoxic carbonated soils [13, 14] .
The iron corrosion anodic reaction involves the oxidative dissolution of metal into ferrous ions. In anoxic water-saturated environments, the corrosion cathodic reaction involving water reduction, or the reduction of H 2 CO 3 or HCO 3 -according to the pH, can also occur.
For all systems involving the corrosion of iron in carbonated anoxic medium, the corrosion product layers show similar trends regarding the nature of the corrosion products: 4 . This is true for both century-long corrosion periods, as with iron archaeological artefacts corroded over hundreds or thousands of years [7] [8] [9] , or for iron coupons corroded in laboratory experiments for just months, or years, under pressure and temperature controlled conditions [4, [10] [11] [12] 15] . The presence of iron sulfides was also sometimes reported inside the corrosion product layer (CPL) of iron artefacts corroded in natural carbonated anoxic medium. This is probably linked to the presence of sulfate-reducing bacteria in deep anoxic media. Fell et al. [16] showed, from transverse sections of several iron objects extracted from waterlogged soil at the Iron Age Fiskerton site (Lincolnshire, UK), that iron sulfides were contained in the outer part of the CPL. More recently, Grousset et al. [9] have described the iron sulfides in the CPL of iron artefacts coming from different anoxic sites (terrestrial or subaquatic). A diversity of iron sulfides was observed in the outer border of the corrosion product layer: mackinawite FeS 1-x , greigite (Fe 3 S 4 ) and pyrite (FeS 2 ). The formation of iron sulfides may be attributed to the presence of sulfate-reducing bacteria in the burial environment.
Moreover, in the systems collected from the Glinet archaeological site (Seine Maritime, France), widely studied for its anoxic environment [4, 6, 7, 17] , in most cases, magnetite is not directly connected to the iron metal. However, it is present underneath small strips and nodules in the ferrous carbonate layer matrix constituting the CPL or underneath thick strips (up to 200 µm) in the outer part of the CPL. This presence of magnetite connected to the metal, enables the decoupling of anodic and cathodic corrosion reactions and subsequently influences the corrosion behaviour (see below) and the way to model it.
Several authors [11, 18, 19] have focused their studies on the anodic reaction that is always located at the metal/CPL interface. Corrosion studies involving the cathodic reaction are less common. On the archaeological iron artefacts from the Glinet site, Saheb et al. [7] (2011b) have highlighted, with reaction tracing based on the use of the Cu 2+ /Cu 0 redox couple, the presence of Cu 0 everywhere in the thick corrosion layer (200 µm). This observation suggests the consumption of electrons everywhere in the corrosion layer and the decoupling of anodic and cathodic reactions. In several studies [14, 20] , siderite is considered isolating, although it is difficult to measure resistivity values, especially on siderite formed due to iron corrosion. Magnetite is a semi-conductor that presents a low resistivity of 5.62x10 3 .cm [21] due to the possible electronic transfer between Fe II and Fe III in its structure [22] . Thus, the electronic conduction in the layer could be caused by the presence of this phase. Nevertheless, in most cases, this phase is present in the system in the form of islets embedded in the carbonate matrix and does not seem to be electrically connected to the metallic substrate. Lastly, another hypothesis to explain the electronic transfer is the presence of a non-detected nanometre network of conductive phases (probably magnetite), allowing the decoupling of anodic and cathodic reactions.
Considering all of these aspects, we wanted to gain a better understanding of the potential location of the corrosion cathodic reaction by investigating the electronic properties of the corrosion layers developed on artefacts from the Glinet site. For this purpose, we used Conductive Atomic Force Microscopy (C-AFM), which is unique in its capability to probe electrical characteristics with nanometre-scale resolution. Beforehand, µRaman spectroscopy was performed for the identification of the crystalline nature of the corrosion products.
Different corrosion profiles of the CPL were investigated: CPL constituted only by ferrous carbonate, CPL of carbonates with the presence of magnetite in different morphologies, and CPL of carbonates with the presence of iron sulfide phases, were also detected in the examined samples. As for magnetite, the presence of these conductive phases in the CPL could drastically change the corrosion behaviour of the system. That is why sulfides are also considered in this study.
Materials and Methods

Samples
Two 500-year-old nails (GL12-72: 3 zones, GL07-35: 1 zone) from the Glinet archaeological site (Seine-Maritime, France) were studied. After their excavation from the anoxic carbonated site, the nails are preserved in ethanol (Ultrapur The phases (siderite, chukanovite and magnetite) were also analysed by XRD and do not show other additional phases. In SEM Energy Dispersive Spectrometry (EDS) analyses, no element other than C, O, and Fe was detected. For these reasons, these phases were considered as references for our studies on the determination of the nature of the corrosion products. 
Field Emission Scanning Electron Microscopy
On the samples prepared as transverse sections (as for µRaman experiments), Backscattered Electron (BSE) images and elemental maps of the corrosion layers from core- extracted from the closed circuit necessarily transit through the metallic body of the nail. As a consequence, the transverse electrical pathway "CPL -metallic core" will be highlighted. In model 2, backside contact, the measured current could come either from a pure CPL bulk conduction or a shortcut to the metallic nail core (model 1).
Figure 2 -schematic representation of the electrical pathway with two models; 2a and 2c represent the front side contact, highlighting the presence of transverse electrical pathways in the CPL and 2b and 2d represent the backside contact for which the pure CP bulk conduction is possible, as well as the lateral conduction.
Results
Different corrosion patterns in the CPLs were characterized for the two archaeological nails (GL12-72: 3 zones, GL07-35: 1 zone) in terms of both the nature and distribution of the corrosion products and the electronic properties.
As reported in the literature [5] , the corrosion layers from core-metal to outer soil on iron archaeological artefacts buried in anoxic soils consist of the following zones:
-an iron metal core when the artefact is not entirely corroded;
-a corrosion layer called dense product layer or CPL that is in contact with the metal and is in most cases denser than the burial environment; this layer is made of mainly ferrous 11 carbonates (siderite, chukanovite), as well as magnetite. The corrosion patterns for archaeological iron objects corroded in carbonated anoxic medium mainly differ in the relative localization of these phases in the CPL;
-a more porous layer called transformed medium (TM) that presents soil compounds (quartz, calcite, clays,…) mixed with iron corrosion products, and the soil itself.
These different layers are presented on the schematic representation in Figure 3 .
In some areas of the CPLs, the corrosion pattern indicates only ferrous carbonate matrix and thus the electronic properties of Fe II carbonates constituting the CPL were investigated.
Other corrosion patterns were evident: the presence of magnetite in strips at the CPL/TM interface, the presence of magnetite in islets in the CPL, and the presence of iron sulfides in the CPL (Figure 3 ). Some observations can be made regarding Figure 4 . On the elemental maps, the TM is clearly indicated by the presence of Na, Al, Si, K, and Ca that come from calcite, quartz, silica, and clays. It is also evident from elemental maps and the BSE image that the TM is more porous than the CPL. A magnetite strip, clearly seen on the BSE image and by Fe enrichment on the EDS map of this element (arrows on the BSE image and on the Fe map), is located at the CPL/TM interface, as is the case in some patterns of corrosion layers of iron archaeological nails buried in anoxic environments. Sulfur is present in the external part of the CPL and in the TM, which supports the findings of Grousset et al. [9] who found a diversity of iron sulfides at the outer border of the corrosion product layer: mackinawite An example of the corrosion pattern where the magnetite islets are in the CPL is given in In the BSE image, magnetite islets are clearly noted (see arrows on the image). They appear brighter than the carbonate matrix because of their higher mean atomic number.
These magnetite islets are also evident on the Fe map by Fe enrichment (see arrows on the map).
Each of these corrosion patterns was investigated separately in terms of electrical properties determined by C-AFM experiments.
Corrosion profiles containing only Fe II carbonates:
An optical image obtained of the transverse section of the archaeological nail GL07-35 ( Figure 6 ) shows different layers from the metal to the external part. As observed by studies related to the characterization of the corrosion forms on various archaeological iron artefacts buried in the carbonated anoxic sites of Nydam Mose and Glinet [3, [5] [6] [7] , this transverse section consists of: an iron metallic core where the artefact is not entirely corroded; a corrosion layer called CPL in contact with the metal that is denser than the burial environment; a more porous layer that is TM containing soil compounds (quartz, silica, calcite, clays…) mixed with iron corrosion products and the soil in the external part. On the µRS maps ( Figure 7 ) corresponding to the optical micrograph of Figure 6 , the only presence of Fe II carbonates is highlighted: siderite FeCO 3 through its main Raman peak at 1084 cm -1 and chukanovite Fe 2 (OH) 2 CO 3 with its main Raman peak at 1068 cm -1 [7] . Calcite, In the CPL zone only composed of siderite and chukanovite, the current values are always lower than the detection limit (50 fA). Indeed at +500mV the CPL is behaving as a pure insulator. However, the electrical behaviour can change from insulating to conductive when materials with semi-conductor properties are submitted to a negative or positive voltage, such as semi-conductors in the Schottky contact configuration. Mativetsky et al. [23] have shown that under ambient conditions, graphene oxide, which is a semi-conductor, undergoes a sharp transition from an insulating to a conductive form, reduced graphene oxide (rGO), when a sufficiently large negative bias is applied between the C-AFM probe and the counter-electrode. With a sample voltage of -1 V to + 1 V applied to this zone of the CPL, no current was measured excluding semi-conductor properties for ferrous carbonates, but rather an insulating behaviour was observed. 
Corrosion profiles with magnetite embedded inside the ferrous carbonate matrix
-Magnetite strips at the CPL/TM interface: revealed by the Raman spectrum and its very narrow carbonate peak at 1086 cm -1 signals the TM (Figure 9d) . Therefore, the magnetite strip is located at the CPL/TM interface, as is often the case for iron archaeological artefacts corroded long-term in carbonated anoxic environments [4] [5] [6] [7] . A surface of 40 µm X 40 µm across the magnetite strip was mapped by C-AFM. An initial experiment was performed with backside contact geometry. A topography image ( Figure   10a ) was simultaneously collected with the current image (Figure 10b ). First, it is interesting to note the high correlation between the surface morphology and the electrical measurement. Secondly, the current image indicates a maximal value of 4.5 nA for magnetite, contrary to the rest of the CPL that did not show any measurable current. In addition, a smaller surface, 5.2 µm X 5.2 µm, of the magnetite strip was mapped in topography ( Figure 11a ) and in current (Figure 11b) . The current image clearly shows that the magnetite strip is discontinuous with current heterogeneity.
These measurements confirmed the insulating character of both the CPL and the TM.
Concerning magnetite, the out-of-plane geometry (see Figure 2) does not confirm that this phase is connected to the iron metallic substrate. To determine the electron conduction channels inside the CPL by measuring the in-plane current, C-AFM in front side contact geometry was conducted to map the same zone. In this configuration, the C-AFM images (Figures 12a and 12b) show that the magnetite strip presents a heterogeneous and significant current, suggesting the existence of a lateral bulk conduction channel. As in this mapped zone, the magnetite strip is not directly connected to the metal on the observable surface (see the optical micrograph Figure 9a ). These measurements could suggest the connectivity of magnetite strips to the metal in the bulk of the CPL. (bias = + 500 mV, front side contact).
Corrosion profiles containing iron sulfides.
In addition to the presence of the main ferrous carbonate compounds (siderite and chukanovite) and magnetite, iron sulfide islets can be also present in the CPL of the archaeological nails as shown on the optical micrographs, at two magnifications, of the CPL (Figure 15 ). These phases are present at the TM/CPL interface or mixed in the ferrous carbonate matrix. Their crystalline nature was determined by µRaman and a diversity of iron sulfides was revealed. Spectrum 1 indicated a mix of mainly crystalline mackinawite FeS 1-x (main peak at 301 cm -1 ) as well as some greigite Fe 3 S 4 (main peak at 357 cm -1 ). Spectrum 2 also corresponds to a mix of greigite and crystalline mackinawite. This diversity of iron sulfides supports the findings of previous studies on the same type of artefacts [9, 24] . The presence of the ferrous carbonate matrix of the CPL is also indicated by the presence of the Raman peak at 1083 cm -1 of siderite FeCO 3 on spectrum 1. The optical micrograph, the C-AFM images and the current profile curve obtained from the front side contact geometry are presented in Figures 16a, 16b, 16c and 16d respectively. The current image (Figure 16c ) exactly follows the iron sulfide shape 1 36 observed on the optical micrographs of the CPL displayed in Figure 16a . From the current profile curve, the maximal current value of this iron sulfide can reach 4pA.
From the current profile curve, the magnetite strip situated near the sulfide zone also shows similar significant current values up to 2pA. Between the iron sulfide islet and the magnetite strip, the carbonate matrix of the CPL is clearly shown to be isolating. The fact that significant current values were measured in the iron sulfides suggests that these phases are conductive and connected to the metal, despite being embedded in an isolating Fe II carbonate matrix. The similarity of the current values for magnetite and iron sulfides (Figures 16c and 16d ) indicate that these phases have similar electrical resistivity which corresponds to the data reported in the literature for these semiconductors: between 10 -3 and 5x10 -3 .cm for iron sulfides and between 10 -3 and 10 -2
.cm for magnetite [25] [26] [27] . Table 1 reports the corrosion patterns obtained from the corrosion systems observed on the archaeological artefacts and their electronic properties established by C-AFM. The corrosion products typical of a deaerated corrosion in a carbonated environment have been highlighted: the CPL is mainly composed of ferrous carbonate phases such as siderite and chukanovite, as previously reported in various studies concerning archaeological artefacts [3] [4] [5] [6] [7] [8] [9] or low-carbon steel coupons corroded for a few months in laboratory experiments [4] . These phases are formed following the precipitation of ferrous cations formed through the aqueous anodic dissolution of iron metal with the carbonate anions of the medium [14, 28] .
Discussion
In a few zones of the CPL, minor phases are observed, such as magnetite present in the form of strips at the CPL/TM interface or as islets surrounded by the ferrous carbonate matrix. The presence of magnetite in the periphery of the CPL and in the outer part of the ferrous carbonate matrix could correspond to the first step in the corrosion process of the iron objet [29] . However, magnetite was not only evident in the outer part of the CPL but was also observed in the carbonate matrix, as in the studies by Saheb et al. [30] . In this latter configuration, the formation of magnetite could result from local changes in temperature, pH and carbonate concentration. As indicated by the Pourbaix diagram that shows the existence of magnetite and ferrous carbonate domains, depending on changes in local conditions, ferrous carbonates or magnetite can be present in the CPL.
Iron sulfides are also observed in the CPL suggesting a possible role of sulfatereducing bacteria, while the growth metabolism is based on the transformation of the sulfate anions of an anoxic medium into sulfide ions. The subsequent formation of iron sulfides is due to the interaction of ferrous ions from the anodic dissolution of iron metal and sulfide ions [9, 31] . The magnetite strips and islets, as well as iron sulfides present in the ferrous carbonate matrix or at the CPL/TM interface do not present visible connectivity to the iron metal in the cross section.
From the C-AFM measurements, the corrosion patterns containing only ferrous carbonate phases, such as siderite and chukanovite, are non-conductive on a submicrometric scale and according to the minimal current detectable by C-AFM which is 50fA. This is consistent with the fact that this phase is reported to be isolating [20] . Some studies state that, for siderite formed within localized corrosion of carbon steel, this phase can demonstrate less resistive behaviour due to the local presence in the measured zone of undissolved components from the steel, namely cementite Fe 3 C [32] . In the present study, these compounds that are reportedly micrometric in size [20] were not observed by either optical microscopy or µRaman.
The resistivity values reported for magnetite in the literature are 10 -2 -10 -3 .cm [25, 27] due to closeness of Fe 2+ and Fe 3+ on octahedral sites. In our study, regardless of morphology (underneath strips or islets) inside the CPL, the C-AFM measurements reveal an electrical connection with the metallic substrate even far from the M/CPL interface in the outer part of the insulating CPL made of carbonates.
Moreover, weaker electrical conduction is observed for the magnetite islets with the measured current in the tens of pA, compared to hundreds of pA for the magnetite in strips.
This difference in conductivity values could be due to a lower crystallinity of the magnetite islets. Indeed, Sarkar et al. [33] , by coupling XRD, TEM and impedance analysis, studied the effect of variable sized magnetite nano-hollow spheres (from 100 to 725 nm in diameter) on electrical properties and observed that larger spheres are more conductive than smaller ones. Lopez Maldonaldo et al. [34] examined the effect of crystallite size on the conductivity of magnetite nanoparticles of sizes (30, 40 and 50 nm) by coupling TEM and EIS observations: these authors showed that the resistivity of magnetite increases with a decrease in crystallite size.
Concerning iron sulfides, the resistivity values are reported to be between 10 -3 and 5x10 -3 .cm [27] suggesting electrical conductivity in these compounds. In our study, the iron sulfides demonstrated conductive behaviour. Although they are embedded in the insulating ferrous carbonate matrix these results show that iron sulfides are connected to the iron metal in the volume of the sample.
The fact that magnetite and iron sulfides are connected to the metal, despite being located in the outer part of the insulating ferrous carbonate matrix or embedded inside it, raises the question of how this connectivity happens. C-AFM measurements provide twodimensional information and the possible presence of a network made of magnetite and/or iron sulfides in the volume of the CPL, and electrically connected to iron metal, could explain these observations. Here we see that, on the one hand, the cathodic reaction could happen anywhere in the layer where magnetite or sulfur is present and connected to the metal, even at distances up to 100 µm from the metal/CPL interface. On the other hand, the fact that carbonates are not conductive contradicts the possibility of reducing Cu 2+ anywhere in the layer as suggested in [6, 7] .
Another important consequence of this study is that the transport in the corrosion layer (and especially that of the oxidative species such as H 2 O in the pores of the corrosion products) may not be the only mechanism controlling the kinetics. The number of connected zones in the outer part of the CPL is also a crucial parameter.
Conclusion
This study illustrates the value of combining characterization methods such as µRS, and FEG-SEM and C-AFM to describe, at the sub-micrometric and nanometric scales, the corrosion product layers of iron corroded in carbonated anoxic environments. µRS was conducted to determine the crystalline nature of the corrosion products and FESEM to document their distribution. The electrical properties of the corrosion product layers were characterized by C-AFM. The main phase identified in the CPL is composed of ferrous carbonates (siderite, or a mixture of siderite and chukanovite) and is insulating. The conductive character of the CPL is induced by the presence of magnetite or iron sulfides located at the TM/CPL interface or inside the CPL and connected to the metal. This may suggest that the electrons produced by the anodic dissolution of iron metal could be conducted to the external part of the CPL through a nanometric tridimensional network of magnetite strips locally connected to the metal and passing through the ferrous carbonate matrix.
The data concerning the electronic properties of the CPL will be expanded by X-ray tomography experiments to obtain information at the nanometric scale on the porosity network inside the CPL and to identify the distribution of magnetite and iron sulfides in the entire volume of the CPL.
